) Name 



RA 



2000 



DEC 



2000 



counts 



counts 



arcse. 


)XB 


J142420 


5+333922 


14 


24 


20 


58 


33 


39 


22 


13 


5 


31 


)XB 


J142428 


1- 


h351922 


14 


24 


28 


15 


35 


19 


22 


49 





63 


)XB 


J142429 


6- 


h342721 


14 


24 


29 


68 


34 


27 


21 


84 


3 


72 


)XB 


J142430 


0- 


h325034 


14 


24 


30 


03 


32 


50 


34 


13 


3 


73 


)XB 


J142433 


0- 


h342819 


14 


24 


33 


01 


34 


28 


19 


33 


1 


37 


)XB 


J 142434 


0- 


h331557 


14 


24 


34 


04 


33 


15 


57 


34 


3 


11 


)XB 


J 142434 


4- 


h331340 


14 


24 


34 


46 


33 


13 


40 


88 





98 


)XB 


J142435 


4- 


h353855 


14 


24 


35 


40 


35 


38 


55 


00 


2 


56 


)XB 


J142435 


7- 


h345012 


14 


24 


35 


75 


34 


50 


12 


98 


3 


12 


)XB 


J142435 


7- 


h354224 


14 


24 


35 


76 


35 


42 


24 


10 





87 


)XB 


J142435 


8- 


h325131 


14 


24 


35 


86 


32 


51 


31 


40 


2 


91 


)XB 


J142437 


6- 


h331152 


14 


24 


37 


63 


33 


11 


52 


52 


2 


15 


)XB 


J142437 


9- 


h354404 


14 


24 


37 


91 


35 


44 


04 


42 


1 


79 


)XB 


J142438 


1- 


h334245 


14 


24 


38 


19 


33 


42 


45 


36 


2 


86 


)XB 


J142438 


5- 


h322649 


14 


24 


38 


56 


32 


26 


49 


68 


2 


05 


)XB 


J142439 


8- 


h340757 


14 


24 


39 


86 


34 


07 


57 


76 


1 


94 


)XB 


J142440 


0- 


h345137 


14 


24 


40 


09 


34 


51 


37 


35 


2 


32 


)XB 


J 142440 


4- 


h351921 


14 


24 


40 


48 


35 


19 


21 


00 


2 


28 


)XB 


J142441 


1- 


h342619 


14 


24 


41 


14 


34 


26 


19 


14 


2 


37 


)XB 


J142441 


2- 


h354237 


14 


24 


41 


21 


35 


42 


37 


21 


1 


68 


)XB 


J 142441 


3- 


h342703 


14 


24 


41 


31 


34 


27 


03 


00 


2 


22 


)XB 


J142441 


9- 


h345553 


14 


24 


41 


96 


34 


55 


53 


63 


1 


59 


)XB 


J142442 


4- 


h325407 


14 


24 


42 


46 


32 


54 


07 


68 


1 


68 


)XB 


J142442 


5- 


h340817 


14 


24 


42 


52 


34 


08 


17 


64 


1 


31 


)XB 


J142442 


6- 


h344923 


14 


24 


42 


67 


34 


49 


23 


49 


2 


50 


)XB 


J 142442 


8- 


h333532 


14 


24 


42 


85 


33 


35 


32 


81 





87 


)XB 


J142442 


9- 


h325551 


14 


24 


42 


90 


32 


55 


51 


65 


2 


94 


)XB 


J142443 


7- 


h342538 


14 


24 


43 


78 


34 


25 


38 


31 


1 


22 


)XB 


J142443 


8- 


h354143 


14 


24 


43 


83 


35 


41 


43 


02 


1 


79 


)XB 


J142443 


8- 


h322526 


14 


24 


43 


87 


32 


25 


26 


56 





90 


)XB 


J 142444 


9- 


h345552 


14 


24 


44 


97 


34 


55 


52 


60 


1 


98 


)XB 


J142445 


3- 


h323004 


14 


24 


45 


36 


32 


30 


04 


83 


1 


54 


)XB 


J142445 


5- 


h331437 


14 


24 


45 


51 


33 


14 


37 


72 





52 


)XB 


J 142445 


8- 


h342945 


14 


24 


45 


87 


34 


29 


45 


37 


1 


67 


)XB 


J142446 


2- 


h334013 


14 


24 


46 


21 


33 


40 


13 


64 


1 


32 


)XB 


J142446 


3- 


h345334 


14 


24 


46 


37 


34 


53 


34 


52 


1 


57 


)XB 


J142447 


6- 


h334459 


14 


24 


47 


67 


33 


44 


59 


17 


2 


52 


)XB 


J142447 


9- 


h324935 


14 


24 


47 


93 


32 


49 


35 


48 





60 



S position 



4 
99 
5 
7 
19 
7 

26 
5 
8 

33 
7 
9 
10 
4 
8 
10 
7 
4 
6 
7 
8 
10 
6 

15 
5 

31 
7 
12 

5 

17 
5 

14 
27 
4 
7 
4 
6 

28 



I 

74 

3 

6 

12 

6 

18 

5 

2 

22 

5 

6 

8 

2 

6 

7 

7 

3 

5 

5 

5 

6 

5 

11 
3 

26 
5 
9 
4 
7 
4 
9 
4 
4 
6 
4 
5 

20 



Sii) fiyxLSi^^ " " Hnxi^i^) exp time frac area HR 

w 26b M 2O05ev 



'3' ' 


■ ■0.88±0.70 


0.12±0.30 


1.39±1.29 


4714 


68 





780 




25 


26.17±2.29 


11.68±1.20 


13.32±2.58 


4711 


62 





831 


^0+°-^^ 

"■3^-0.01 


2 


1 


20±0 


72 





45±0.37 


0.91±1.15 


4714 


68 





837 


1 


1 


77±0 


80 





94±0.45 


0.39±1.02 


4708 


48 





821 




7 


5 


03±1 


14 


1 


90±0.57 


3.71±1.61 


4714 


68 





821 


97+0-07 
-U.Z/_o 07 


1 


1 


74±0 


80 





92±0.45 


0.41±1.01 


4714 


68 





842 




8 


6 


59±1 


29 


2 


73±0.66 


4.06±1.69 


4714 


68 





859 


-0 40+" °^ 





1 


04±0 


67 





65±0.40 


<0.6 


5038 


95 





859 


6 


1 


98±0 


83 





29±0.33 


3.04±1.54 


4714 


68 





854 




11 


7 


23±1 


33 


2 


88±0.67 


4.85±1.76 


5038 


95 





873 


-0 34+0 04 


2 


1 


71±0 


80 





74±0.42 


0.94±1.14 


4708 


48 





868 


3 


2 


24±0 


87 





91±0.45 


1.46±1.26 


4714 


68 





854 




2 


2 


20±0 


84 


1 


06±0.46 


0.84±1.07 


5038 


95 





856 


-0 63+°-^^ 


2 





93±0 


67 





28±0.33 


0.93±1.14 


4714 


68 





873 


2 


1 


70±0 


78 





77±0.42 


0.82±1.06 


5048 


13 





878 




3 


2 


58±0 


90 


1 


09±0.47 


1.52±1.26 


4714 


68 





832 


-0 43+0 14 





1 


78±0 


79 


1 


08±0.47 


<0.7 


4714 


68 





844 


1 





97±0 


67 





44±0.37 


0.45±1.00 


4711 


62 





869 




1 


1 


49±0 


75 





75±0.42 


0.46±0.99 


4714 


68 





862 




2 


1 


56±0 


74 





67±0.39 


0.88±1.06 


5038 


95 





844 




3 


2 


01±0 


83 





75±0.42 


1.50±1.25 


4714 


68 





860 




4 


2 


43±0 


90 





87±0.45 


1.95±1.35 


4714 


68 





891 


21+" " 


1 


1 


46±0 


76 





74±0.42 


0.44±1.00 


4708 


48 





872 




4 


3 


68±1 


04 


1 


62±0.55 


1.94±1.36 


4714 


68 





884 


n zLS+O-09 
-0.48_o 09 


2 


1 


23±0 


71 





45±0.37 


0.97±1.14 


4714 


68 





859 


5 


7 


77±1 


39 


3 


90±0.77 


2.48±1.45 


4714 


68 





873 


-0 69+" °^ 

"■"^^-0.04 


2 


1 


72±0 


80 





75±0.42 


0.94±1.14 


4708 


48 





858 


3 


2 


94±0 


96 


1 


32±0.51 


1.45±1.25 


4714 


68 





888 


fil+012 


1 


1 


14±0 


67 





55±0.37 


0.44±0.93 


5038 


95 





826 


10 


3 


72±1 


02 





91±0.44 


4.44±1.69 


5048 


13 





872 




1 


1 


23±0 


71 





60±0.40 


0.46±0.99 


4714 


68 





867 


5 


2 


97±0 


94 


1 


14±0.48 


2.13±1.35 


5048 


13 





895 


-0 29+" i" 

"■^^-0.10 


23 


6 


55±1 


31 





57±0.39 


11.34±2.49 


4714 


68 





906 


71+0 05 

"■ ' 1-0.05 








96±0 


67 





58±0.39 


<0.7 


4714 


68 





893 


1 


1 


67±0 


79 





86±0.45 


0.46±0.99 


4714 


68 





911 










94±0 


67 





57±0.39 


<0.7 


4714 


68 





914 




1 


2 


67±0 


76 


1 


34±0.42 


0.85±1.00 


4714 


68 





484 




8 


6 


76±1 


33 


2 


88±0.69 


3.91±1.68 


4708 


48 





913 


_n 4Q+0 05 

"■^'J-0.05 



)XB 


J142448 


1+324826 


14 


24 


48 


10 


32 


48 


26 


40 


1 


72 


5 


1 


)XB 


J 142448 


4+343250 


14 


24 


48 


40 


34 


32 


50 


88 


2 


06 


4 


4 


)XB 


J142448 


4+323041 


14 


24 


48 


49 


32 


30 


41 


18 


2 


11 


10 


3 


)XB 


J 142448 


5+323207 


14 


24 


48 


50 


32 


32 


07 


17 


2 


15 


9 


5 


)XB 


J142448 


6+334540 


14 


24 


48 


60 


33 


45 


40 


72 


2 


76 


5 


3 


)XB 


J142448 


6+322949 


14 


24 


48 


65 


32 


29 


49 


91 


1 


85 


5 


3 


)XB 


J142449 


2+354118 


14 


24 


49 


22 


35 


41 


18 


97 





80 


13 


10 


)XB 


J142449 


3+340944 


14 


24 


49 


33 


34 


09 


44 


94 


1 


15 


20 


14 


)XB 


J142449 


5+354320 


14 


24 


49 


59 


35 


43 


20 


32 





80 


10 


3 


)XB 


J142449 


7+323041 


14 


24 


49 


79 


32 


30 


41 


83 


1 


62 


6 


4 


)XB 


J142449 


7+325356 


14 


24 


49 


79 


32 


53 


56 


30 


1 


66 


6 


5 


)XB 


J142449 


8+351815 


14 


24 


49 


84 


35 


18 


15 


96 


1 


26 


4 


2 


)XB 


J142450 


4+340415 


14 


24 


50 


42 


34 


04 


15 


62 


1 


01 


7 


3 


)XB 


J142450 


6+345851 


14 


24 


50 


68 


34 


58 


51 


71 


1 


70 


11 


10 


)XB 


J142451 


1+324846 


14 


24 


51 


10 


32 


48 


46 


67 


1 


40 


7 


3 


)XB 


J142451 


2+333556 


14 


24 


51 


20 


33 


35 


56 


03 





58 


21 


17 


)XB 


J142451 


4+334654 


14 


24 


51 


48 


33 


46 


54 


92 


3 


12 


6 


1 


)XB 


J142451 


7+351411 


14 


24 


51 


72 


35 


14 


11 


45 


1 


57 


4 


1 


)XB 


J 142452 


2+322722 


14 


24 


52 


20 


32 


27 


22 


02 


1 


25 


6 


4 


)XB 


J142452 


3+343344 


14 


24 


52 


36 


34 


33 


44 


47 


1 


12 


16 


13 


)XB 


J142453 


5+325027 


14 


24 


53 


58 


32 


50 


27 


79 


1 


01 


5 


3 


)XB 


J142453 


9+340355 


14 


24 


53 


92 


34 


03 


55 


31 


1 


25 


4 


1 


)XB 


J142455 


2+350124 


14 


24 


55 


25 


35 


01 


24 


59 


2 


43 


7 


3 


)XB 


J142455 


7+351355 


14 


24 


55 


74 


35 


13 


55 


38 


1 


37 


4 


1 


)XB 


J 142456 


3+351659 


14 


24 


56 


37 


35 


16 


59 


40 


1 


25 


6 


4 


)XB 


J142457 


2+353518 


14 


24 


57 


26 


35 


35 


18 


75 


2 


55 


6 


2 


)XB 


J142457 


5+351910 


14 


24 


57 


53 


35 


19 


10 


41 





76 


7 


5 


)XB 


J142457 


8+350103 


14 


24 


57 


85 


35 


01 


03 


39 


3 


13 


7 


2 


)XB 


J142457 


9+333318 


14 


24 


57 


99 


33 


33 


18 


69 


2 


41 


5 


2 


)XB 


J142458 


0+351046 


14 


24 


58 


04 


35 


10 


46 


97 


2 


06 


6 


4 


)XB 


J142458 


1+333803 


14 


24 


58 


17 


33 


38 


03 


71 





76 


8 


5 


)XB 


J142458 


3+340445 


14 


24 


58 


35 


34 


04 


45 


98 


1 


01 


5 


4 


)XB 


J142458 


5+322738 


14 


24 


58 


58 


32 


27 


38 


81 


1 


01 


5 


3 


)XB 


J142501 


4+343843 


14 


25 


01 


43 


34 


38 


43 


47 


4 


45 


8 


3 


)XB 


J142501 


6+331940 


14 


25 


01 


67 


33 


19 


40 


50 


1 


25 


4 


2 


)XB 


J142502 


2+345246 


14 


25 


02 


25 


34 


52 


46 


96 





86 


6 


4 


)XB 


J142502 


2+345001 


14 


25 


02 


29 


34 


50 


01 


99 





58 


10 


8 


)XB 


J142502 


5+325121 


14 


25 


02 


52 


32 


51 


21 


88 





48 


13 


8 


)XB 


J142503 


4+345854 


14 


25 


03 


47 


34 


58 


54 


61 


1 


72 


4 


3 


)XB 


J 142503 


4+325114 


14 


25 


03 


48 


32 


51 


14 


93 


1 


25 


4 


3 


)XB 


J142503 


5+333725 


14 


25 


03 


52 


33 


37 


25 


90 


1 


01 


7 


4 


)XB 


J142503 


5+352013 


14 


25 


03 


58 


35 


20 


13 


16 





86 


7 


5 



4 


1 


19±0 


71 





14±0 


29 


1 


95+1.35 


4708 


48 





906 








94±0 


67 





57±0 


40 




<0.7 




4714 


68 





904 


7 


2 


10±0 


84 





37±0 


34 


2 


99+1 


50 


5048 


13 





902 


4 


2 


03±0 


81 





68±0 


39 


1 


81+1 


27 


5048 


13 





830 


2 


1 


19±0 


72 





43±0 


37 





93+1 


14 


4714 


68 





879 


2 


1 


05±0 


66 





38±0 


34 





84+1 


06 


5048 


13 





888 


3 


2 


86±0 


92 


1 


32±0 


50 


1 


33+1 


16 


5038 


95 





872 


6 


5 


05±1 


16 


2 


12±0 


60 


3 


03+1 


53 


4714 


68 





865 


7 


2 


07±0 


84 





37±0 


34 


2 


94+1 


50 


5038 


95 





926 


2 


1 


24±0 


70 





50±0 


37 





82+1 


06 


5048 


13 





906 


1 


1 


45±0 


75 





73±0 


42 





46+0 


99 


4708 


48 





898 


2 





94±0 


66 





28±0 


33 





95+1 


13 


4711 


62 





928 


4 


1 


70±0 


79 





43±0 


36 


1 


97+1 


35 


4714 


68 





901 


1 


2 


68±0 


93 


1 


47±0 


53 





43+1 


00 


4714 


68 





888 


4 


1 


68±0 


79 





43±0 


36 


1 


94+1 


35 


4708 


48 





914 


4 


5 


24±1 


18 


2 


53±0 


65 


2 


00+1 


35 


4714 


68 





880 


5 


1 


43±0 


76 





13±0 


29 


2 


45+1 


45 


4714 


68 





872 


3 





98±0 


67 





14±0 


29 


1 


49±1 


25 


4711 


62 





884 


2 


1 


22±0 


70 





49±0 


37 





82+1 


05 


5048 


13 





933 


3 


3 


90±1 


06 


1 


90±0 


58 


1 


45+1 


25 


4714 


68 





895 


2 


1 


22±0 


71 





44±0 


36 





99+1 


13 


4708 


48 





902 


3 





95±0 


66 





14±0 


29 


1 


45+1 


24 


4714 


68 





918 


4 


1 


68±0 


80 





43±0 


37 


1 


93+1 


36 


4714 


68 





866 


3 





98±0 


66 





14±0 


29 


1 


49+1 


25 


4711 


62 





889 


2 


1 


39±0 


75 





55±0 


39 





93+1 


13 


4711 


62 





950 


4 


1 


27±0 


71 





25±0 


31 


1 


72+1 


27 


5038 


95 





877 


2 


1 


61±0 


79 





69±0 


42 





93+1 


13 


4711 


62 





955 


5 


1 


67±0 


80 





28±0 


33 


2 


44+1 


45 


4714 


68 





877 


3 


1 


20±0 


71 





29±0 


33 


1 


45+1 


25 


4714 


68 





881 


2 


1 


45±0 


76 





59±0 


40 





94+1 


14 


4711 


62 





877 


3 


1 


94±0 


82 





72±0 


42 


1 


48+1 


24 


4714 


68 





905 


1 


1 


15±0 


71 





55±0 


39 





46+0 


98 


4714 


68 





959 


2 


1 


00±0 


66 





36±0 


34 





81+1 


05 


5048 


13 





958 


5 


1 


91±0 


84 





43±0 


37 


2 


41+1 


47 


4714 


68 





850 


2 





93±0 


66 





28±0 


33 





94+1 


13 


4714 


68 





936 


2 


1 


36±0 


75 





54±0 


39 





92+1 


12 


4714 


68 





972 


2 


2 


39±0 


89 


1 


14±0 


49 





96+1 


13 


4714 


68 





920 


5 


2 


95±0 


98 


1 


08±0 


49 


2 


30+1 


44 


4708 


48 





974 


1 





93±0 


67 





42±0 


36 





45+0 


99 


4714 


68 





920 


1 





90±0 


66 





40±0 


36 





46+0 


98 


4708 


48 





978 


3 


3 


60±0 


79 


1 


23±0 


39 


3 


14+1 


24 


4714 


68 





428 
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ABSTRACT 



^ . We present results from a Chandra survey of the nine square degree Bootes 

field of the NOAO Deep Wide-Field Survey (NDWFS). This XBootes survey 
consists of 126 separate contiguous ACIS-I observations each of approximately 
5000 seconds in duration. These unique Chandra observations allow us to search 
. for large scale structure and to calculate X-ray source statistics over a wide, 

O , contiguous field of view with arcsecond angular resolution and uniform coverage. 

O ■ Optical spectroscopic follow-up observations and the rich NDWFS data set will 

^ . allow us to identify and classify these X-ray selected sources. 

Using wavelet decomposition, we detect 4642 point sources with n > 2 counts. 



2 ■ In order to keep our detections ~ 99% reliable, we limit our list to sources with 

n > 4 counts. For a 5000 second observation and assuming a canonical unab- 
' sorbed AGN type x-ray spectrum, a 4 count on-axis source corresponds to a flux 

of 4.7 X 10"^^ ergs cm~^ s~^ in the soft (0.5-2 keV) band, 1.5 x 10~^^ ergs cm^^ s~^ 
^ ! in the hard (2-7 keV) band and 7.8 x 10"^^ ergs cm'^ in the full (0.5-7 keV) 

band. The full 0.5-7 keV band n > 4 count list has 3293 point sources. In 
addition to the point sources, 43 extended sources have been detected consis- 
tent, with the depth of these observations and the number counts of clusters. We 
present here the X-ray catalog for the XBootes survey, including source positions. 
X-ray fluxes, hardness ratios and their uncertainties. We calculate and present 
the differential number of sources per flux density interval, N{S), for the point 
sources. In the soft (0.5-2 keV) band, N{S) is well fit by a broken power-law 
with slope of 2.60l|J:}^ at bright fluxes and 1.741q;22 for faint fluxes. The hard 



source A^(>S') is well described by a single power-law with an index of —2.93^^' 
Subject headings: X-ray survey, Chandra, Bootes, NDWFS 
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1. Introduction 

The NOAO Deep Wide-Field Survey (NDWFS) is a deep optical and near-infrared wide- 
field imaging survey that is designed to investigate the existence and evolution of large scale 
structures at redshifts z >1. The NDWFS consists of two ~ 9 degree square regions; one in 
the constellation Cetus and one in the constellation Bootes. The regions have been chosen to 
maximize the depth and amount of multiwavelength coverage. The northern Bootes field has 
been observed by the Gemini Observatory, Spitzer, the VLA, Chandra and Hubble. Details 
of the NDWFS program are presented in Jannuzi et al. (1999) and references therein. Here 
we present the source list for the XBootes Chandra Survey (Murray et al. 2005). 

Detecting optical counterparts for weak X-ray sources from previous X-ray missions 
has proven to be problematic; the error circles on weak X-ray source positions typically 
were large and the optical counterparts for many of the X-ray sources are optically faint 
[R > 24 Hasinger et al. 1998). Deep optical observations within the error circles of the X- 
ray positions often presented several possible optical counterparts, increasing the probability 
for incorrect identifications (Boyle et al. 1995; Georgantopoulos et al. 1996; McHardy et 
al. 1998). 

Unlike earlier wide area surveys, the XBootes data have arcsecond resolution and broad 
energy response to 10 keV; this allows the survey to sample unique and highly absorbed 
sources and to provide a source list for nearly un-ambiguous optical and spectroscopic follow- 
up observations. The angular resolution, uniform coverage and large contiguous field of 
view allow us to search for evidence of structure on both small and large angular scales, 
relatively free of edge effects and position inaccuracy biases. The survey was described and 
the distribution of the X-ray selected sources was examined for evidence of Large Scale 
Structure in a companion paper (Murray et al. 2005), hereafter Paper I. Optical matching 
and identification of these X-ray selected sources is discussed in a second companion paper 
(Brand et al. 2005). Multi-fiber spectrometer spectra using the MMT Hectospec as part 
of the AGN and Galaxy Evolution Survey (AGES) are being used to determine redshifts 
for these X-ray selected sources (Kochanek et al. 2005). Photometric redshifts will be 
determined for those sources not observable by Hectospec. The resulting three dimensional 
distribution will be examined for evidence of spatial correlation in a series of forthcoming 
papers. 

This paper addresses the following aspects of the Chandra analysis: the data set and 
preliminary data processing; the source detection algorithms; the source catalog; flux and 
hardness ratios for the point sources; and the number of sources per flux density interval. 
The complete version of the source catalog is in the electronic edition of the Journal. The 
printed edition contains only a sample. A machine readable version of the table is also 
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available. 



2. The Chandra Observations 

The 126 pointings comprising this survey are centered on q;j2ooo ~ 14 hours 32 minutes 
and 5j2ooo ~ 34°06' and were completed during March and April of 2003. At that time, the 
ACIS instrument was at —120° C. In addition to the four ACIS-I chips, (ccd_id=0, 1,2,3), 
an ACIS-S chip (ccd_id=6) was also active. The ACIS-S data is far off the telescope axis 
and has not yet been analyzed. These observations were taken and processed in Very Faint 
Mode (VFM) (Vikhlinin 2001). VFM reduces the background by a factor of 2.5 near 
0.5 keV, 1.4 near 1 keV, 1.1 between 2-5 kcV, and 1.4-1.5 above 7 keV; this improves 
sensitivity, especially to faint diffuse extended objects such as clusters of galaxies. The 
data underwent the standard Chandra event processing and, in addition, the data were "de- 
streaked" and all afterglow events were removed using CIAO data processing tools (CIAO 3.0 
2003). Data were examined for intervals of excess background flaring with the lc_clean tool 
described in Markevitch (2002, and references therein). Six observations had background 
rates approximately two times greater than the average rate. Nevertheless, these higher 
background rate observations do not suffer from any significant loss of sensitivity for point 
source detection. 

For the purpose of analysis the data were filtered into the following energy bands: 0.5-7, 
0.5-2 and 2-7 keV. The energy bands were chosen to allow comparison to ROSAT results 
and to be consistent with other X-ray surveys. Events with E> 7 keV are dominated by the 
particle background, in large part because of the rapid decline in telescope effective area at 
these higher energies. By eliminating events with E> 7 keV, we can reduce the background 
considerably, without significantly reducing the number of source photons. The background 
in the 0.5-7 keV band is a factor of ~ 4 lower than the full 0.5-10 keV band data, whereas 
the number of source photons, assuming a typical AGN type power law spectrum, is virtually 
unchanged. Typical background counts per observation and per ACIS-I field were 2650 in 
the 0.5-7 keV band, 900 in 0.5-2 keV band and 1750 in the 2-7 keV band. These values 
correspond to ~ 2.8, 0.96, and 1.9 xlO~^ events arcsec"^. The entire field showing the six 
higher background observations is shown in Figure 1. Even for the six higher background 
rate observations, the number of background counts in any putative point source in any of 
the bands is negligible; the data arc flux, not background limited. Extended sources, such 
as clusters of galaxies, were searched for in the 0.5-2 keV band where the lower background 
provides enhanced sensitivity and where we expect most of the source counts from the 
thermal bremsstrahlung emission. 
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An exposure-map, representing the effective area at 1.5 keV of the entire field, was 
generated using the standard CIAO version 3.0 data processing and analysis tools (CIAO 
users manual 2002). The exposure map and its histogram are presented in Figures 2 and 
3. The exposure map was used to verify the overlap of the separate observations and to 
normalize the flux of detected sources. In addition, the exposure map was used as an input 
mask for Monte Carlo simulations. The exposure map and histogram verify that the fields 
overlap each other by ~ 1 arc-minute. Telescope vignetting causes the effective exposure to 
peak on axis and to drop by ~ 20% near the edge of the field. The exposure map histogram 
shows that the overlap region corresponds to ~ 11% of the survey area, or the equivalent of 
13 ACIS-I fields. This overlap is distributed in a comphcated web-like structure over the 
entire survey. Although this overlap region provides a significant area with ~ 2 times deeper 
exposure, its distribution represents a complexity in the analysis and a potential source of 
systematic error in our search for large scale structure. For this paper, we have chosen 
to perform source detection on an AClS-1 ficld-by-ficld basis. Due to the overlap of the 
observations, some sources are detected independently in separate pointings. In these cases, 
the detection with the smaller off-axis angle, and hence the smaller Point Spread Function 
(PSF), is selected. In this way the observations are combined, so as to maintain as close to 
uniform sensitivity as possible. The effective area histogram (Figure 3) further shows that 
3 — 5% of the survey (~ 5 ACIS-I fields) corresponds to regions of low coverage. This low 
coverage area is due to inter-chip gaps and detector edges that have been smoothed by the 
observatory dither. This low exposure area causes a minor loss of sensitivity in the survey; 
a small fraction of the sources in our survey may be missed and some source fluxes, when 
corrected for exposure, have a larger uncertainty. 



3. Source Detection and Properties 

Images of the fields were created with a spatial scale of 1'.'968 per pixel (4x4 CCD pixels) 
in the 0.5-7 kcV energy band. Sources were detected with the CIAO version 3.0 wavdetect 
software source detection package (Freeman ct al. 2002). For point source detection, the 
wavelet scales searched were {1, 2, 4, 8} x 1'.'96. A wavdetect threshold of 5 x 10~^ was chosen 
to provide a more complete catalog for optical follow-up observations while minimizing the 
number of spurious sources. This threshold corresponds to the probability of incorrectly 
identifying a pixel as belonging to a source. The source list was further restricted by only 
selecting sources with n > 4 counts. At this probability threshold, and with the n > 4 count 
selection criteria, 3293 point sources were detected in the 0.5-7 keV band. For a 5000 second 
on-axis observation and assuming a canonical unabsorbcd AGN type x-ray spectrum, a 4 
count source corresponds to a fiux of ~ 4.7 x 10~^^ ergs cm~^ s~^ in the soft (0.5-2 keV) 
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band, ~ 1.5 x 10~^^ ergs cm~^ in the hard (2-7 keV) band and ~ 7.8 x 10"-^^ ergs cm~^ s~^ 
in the full (0.5-7 keV) band. The median source in the full (0.5-7 keV) band corresponds 
to a flux of 1.2 X 10"^'^ ergs cm~^ s"^ 

3.1. Spurious Sources 

We investigate the detection of spurious sources by analyzing archival ACIS-I back- 
ground data. These background ACIS-I data were obtained with the instrument in a similar 
physical state and temperature as during the actual observations. These background data 
consist of observations of uncrowded source fields with detected sources removed, the re- 
maining events arc then randomized in sky coordinates, by using the aspect solution of the 
actual Bo5tcs observations. Details describing the use of archival ACIS background data can 
be found in Markevitch (2001, and references therein). Four hundred simulated source-free 
ACIS-I observations were generated, each with a background rate comparable to the ACIS-I 
observations in each of the energy bands. We then analyzed these source free background 
data using the same techniques and thresholds that were used to analyze the Bootes data. 
Based on our analysis of source free ACIS-I data and the Bootes data fields, we expect ~ 1% 
spurious or ~ 35 sources with > 4 counts in our final source list. The fraction of spurious 
sources as a function of source counts is presented in Figure 4. Similar Monte Carlo sim- 
ulations performed for a wavdetect probability threshold of 1 x 10~® resulted in only four 
spurious sources with > 4 counts. 

Using a MARX (Wise et al. 1999) based Monte Carlo simulation program, we have 
examined the fraction of sources that are detected as a function of source flux (counts). The 
results of these simulations are presented in Figure 5. These simulations were carried out with 
appropriate values of background and with two different wavdetect probability thresholds, 
one threshold, 5 x 10'^, is applicable to our Bootes source list. The other threshold of 1 x 10~^ 
was analyzed to examine the tradeoffs between source detection and spurious sources. The 
5 X 10~^ threshold is more sensitive to low count sources and this difference in sensitivity 
is magnified by the power law nature of the number of sources per fiux density interval. 
For these simulations we have used a appropriately normalized power law {N{n) = An~^'°), 
describing the number of sources per flux density interval to illustrate the benefits of the 
P = 5 X 10^^ threshold. Analysis of the simulated data shows that when comparing the two 
different thresholds, the 5 x 10~^ probability threshold detects ~ 800 more sources, with the 
expectation that only 30 are spurious. 



-6- 



3.2. Extended Sources 

Extended sources were detected with wavelength scales larger than the PSF using the 
zhtools wvdecomp (Vikhlinin et al. 1998) software package. In addition, all detected sources 
were compared with the local PSF. The profile of a detected source was fit to a Gaussian 
with the width fixed at the local equivalent PSF. The fit was then repeated with the width 
a free parameter. If the fit with the Gaussian fixed width was consistent with the free 
parameter fit, the source was deemed point-like. The detection algorithm is similar to the 
technique described in Vikhlinin et al. (1998). Forty three extended sources were detected at 
a existence significance threshold equivalent to ~ 3 cr. The majority of these extended sources 
are expected to be clusters of galaxies however some fraction may be nearby star-forming 
galaxies. Detecting extended sources is a complicated function depending on the flux, extent 
of the source and the local size of the PSF. We estimate that our on axis detection limit 
is 1 X 10~^^ cgs (0.5-2keV) for sources that are just demonstrably larger than the PSF. 
Based on the Log N - Log S for clusters of galaxies reported in Vikhlinin et al. (1998) and 
Rosati et al. (2002) and our flux hmit, our 9.3 degree^ survey is less than 50 % complete. 
We estimate that our effective surveyed area at fluxes of 1 x 10~^^ is only Ki 4 degree^. The 
search for extended sources was done using the 0.5-2 keV band images, which have ~ 3x 
less background than the full 0.5-7 keV band data. The extended source properties are 
presented in Table 1 their positions in the XBootes field are shown in Figure 6. The cluster 
sample from this survey will be explored in detail in future publications. 



3.3. Point Source Properties 

Wavdetect was used only as a source detection algorithm because on binned images it 
can lead to incorrect source positions and positional errors. For each detected source we 
generated a full resolution image (O'.'492/pixel) of the region around the source and then 
recalculated the source position, fiux and their uncertainties. As part of conducting the 
optical matches in Brand et al. (2005), we verified that this method was more reliable 
than simply using the initial results from wavdetect. The counts for each source were 
calculated using aperture photometry by summing counts within the 90% Encircled Energy 
(EE) radius of the centroid determined in the full resolution image around each source 
position. Background values were determined from an average value for each observation, 
with the fluxes of the detected sources removed. 

We defined the uncertainty in the position of an n count source as r^o / ^/n — 1 if n > 5 
and rso if n < 5 where r^Q is the 50 % EE radius of a Gaussian approximation to the Chandra 
X-ray Observatory (CXO) PSF. Source positions and positional errors were derived using 
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the 0.5-7 keV band, where the statistics were best. Details of the source photometry and 
source locating procedure are presented in Paper I. 

Estimates of the source counts and fluxes for on-axis sources with greater than > 250 
counts ( count rates > 5 x 10~^ s are less rehable because the ACIS pile-up phenomenon 
leads to the migration of events into bad grades that are rejected. Detections that suffer 
from event pile-up also systematically bias spectral information such as hardness ratio at 
even lower count rates. Very faint mode and de-streaking further exacerbate the effects of 
event pile-up. The effect of pile-up is most pronounced for sources close to "on-axis" and 
decreases rapidly with off-axis angle. The cause and effects of ACIS pile-up are described in 
detail in the Chandra Proposer's Guide (Chandra Proposer's Guide 2003). 

Four counts in 5000 seconds corresponds to a flux of ~ 4.6 x 10^^^ ergs cm~^ s~^ 
in the 0.5-2 keV band, ~ 1.5 x lO""*^^ ergs cm~^ s"^ in the 2-7 keV band and ~ 7.2 x 
-|^Q-i5 gj,gg in the 5-7 keV. These flux values have been calculated assuming Galactic 

absorption {NH = 1 x 10^*^), an on-axis point source, and a common X-ray AGN source 
power law spectrum with photon index F = 1.7. The on-axis Energy Flux Density to Count 
Rate Conversion Factors (ECF), presented in Table 2, were obtained from the Portable 
Interactive Multi-Mission Simulator (Chandra proposal planning toolkit 2004, PIMMS). 
The ECFs were generated for the above spectral properties and for the March- April 2003 
time period of these observations. The conversion of counts to flux in the various bands is 
done for the benefit of comparison to other surveys; the actual flux and flux limit for each 
source depends on the specific source spectrum. The cgs flux values have been calculated 
for an on-axis source and for a common 5000 second equivalent exposure. 

The reported fluxes and counts of faint sources are subject to large uncertainties and 
biases. It can be shown, through maximum likelihood or Monte Carlo simulation, that given 
a number of sources per flux density interval distribution that is a power law N{S) ~ S^^, 
and ignoring source confusion, the counts detected for a source do not represent the most 
probable estimator of the true mean counts of the source. In fact, due to Eddington bias 
(Eddington 1913), an n count source detection most likely came from a source with a true 
mean count oln — (3. For N{S) ~ , the probabihty of detecting a source with n counts 
is proportional to the product of the Poisson distribution with mean ji and the differential 
number of sources per flux density interval N[S) ~ . 




(1) 



Having detected n, the most likely value of ix can be found to be: 



— ==0=^u = n-/3. 



(2) 



8 



For a simple single power law Euclidian N{S), {(3 — 2.5) a 4 count source detection is 
therefore most likely due to an upward fluctuation of a source with a true mean count of 
IX = l.btiA (see Figure 7). We only note the importance of this bias - the Bootes source 
catalog presents fluxes estimated assuming a Poisson distribution. Flux values and were 
calculated using 



When the number of counts in a source are very few (< 5), one cannot assume that the 
Poisson distribution from which the counts are sampled has a Gaussian shape. The standard 
deviation (i.e., the square-root of the variance) for such low-count cases has been derived by 
(Gehrels 1986) and the uncertainties in counts (flux) are 



A(area, time) corrects the observed count rate to the on-axis effective area and a common 
equivalent 5000 second exposure time. The variation in exposure time and effective area for 
all sources is typically < 20% and is presented in Figure 8. A small fraction of the survey 
near the edge of the field of view and in the chip gaps is underexposed. One page of the 
resulting point source catalog is presented in Table 3. The entire formatted source catalog 
is available in the on-line version of this paper. 



Calculating spectral properties of the point sources is constrained by the shallow nature 
of the survey. The majority of the detected sources individually have too few counts for 
spectral fitting, while those sources with sufficient counts have rates that cause spectral 
fitting to suffer from event pile-up. Spectral distortion from event pile-up occurs for sources 
with rates of > 0.01 s^^ or for sources with as few as > 50 events. The Hardness Ratio (HR) 
for each source was derived to give some indication of the source's spectral properties. We 
will present spectral results of the brighter sources in future publications. 

The hardness ratio of the point sources is defined by HR = {h — s)/{h + s), where 
s is the number of counts detected in the 0.5-2 keV band and h is the number of counts 
detected in the 2-7 keV band. The 90% confidence limits for the HRs were determined 
using the maximum likehhood method described in the Einstein Source Catalog (Harris et 
al. 1993). The HR and its uncertainty for sources with > 10 events is presented in the 
source list. A histogram of the HR for sources with > 10 and < 20, > 20 and < 40 and > 40 





a count = 1 + Vcounts -1-0.75 



(4) 



4. Spectral Properties; the Hcirdness Ratio 
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detected counts is presented in Figure 9. The HR histogram indicates that, assuming a power 
law spectrum, some of the sources are soft while others are consistent with being heavily 
absorbed. Approximately 10 % of the > 10 count sources are consistent with F ~ 1.7 and 
NH > 1 X 10^^ (HR > 0.1) and ^ 20 % of the > 10 count sources are consistent with F > 2.5 
and Galactic absorption (HR < -0.7). There is a clustering of sources near HR = —0.4 to 
—0.5 compatible with an average power law spectrum with F ~ 1.7 and Galactic absorption. 

There is no conclusive evidence that the hardness ratio changes with fiux over the flux 
range which this survey samples. Giacconi et al. (2001) report that HR increases with 
decreasing flux, however the effect is reported for ffuxcs well below our threshold. We expect 
event pile-up to systematically bias the HR of some of the > 40 count sources upward. 



5. The Number of Sources per Flux Density interval N(S) 

Calculating the number of sources per flux density interval is subject to many systematic 
and statistical biases. These biases arc discussed in detail in Hasinger et al. (1993),Vikhlinin 
ct al. (1995), Murdoch et al. (1973) and Schmitt & Maccacaro (1986). Due to the uniform 
coverage of this survey, we use the technique described in Kenter & Murray (2003). This 
technique inherently accounts for statistical and instrumental biases and it calibrates the 
photometry of the source detection algorithm. It allows us to use the large number of 
low count sources, where the effects of the biases are most pronounced, to determine the 
differential number of somxcs per ffux density interval. The differential number of sources 
per flux density interval for the soft band (0.5-2 keV) is statistically inconsistent with a single 
power-law. It is best fit by a broken power law of the form: 



A^(^14)] 



where Si4^ is the source flux in units of 10 ergs cm ^ s ^. At fluxes below the break, 
;v.^„^ io _ 1 741°;^^ and for brighter fluxes it is = 2.60to\l where Ki = 129^% and 



K2 = KiS^^~^'^ is constrained by continuity at the break. The best flt for the break is at 
Sb — 8.2 X 10"-^^ cgs, however it is very poorly constrained (upper la limit = 3.0 x lO"-*^^ and 
lower 1(7 hmit= 3.2 x 10~^^). These uncertainties indicate statistical 68% {la) confidence 
hmits. The values of the indices and break are in agreement with the ROSAT Lockman 
Hole results of Hasinger et al. (1998) given the statistical uncertainties. The ROSAT results 
covered a similar flux range and are the most directly comparable. The XBootes soft (0.5- 
2keV) band low flux index is consistent with deep Chandra surveys although the flux overlap 
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is minimal. Brandt et al. (2001) found integral index of a = 0.67 ± 0.14 for the Chandra 
Deep field North (CDF-N). Similarly, in the CHAMP survey Kim et al. (2004) found integral 
index of a = 0.7 ± 0.15. 

The differential number of sources per flux density interval for the hard band (2-7 keV) 
is well approximated by a single power-law of the form N{S) — KS^f . 

N{S,,) = [AQ3tll]S-t''^-''-''/-'-''^deg.-' (5) 

This slope is steeper than the 2.65 ±0.1 value for 2-10 keV sources reported by Giommi et 
al. (2000). These calculations assume a single average power law energy spectrum for all the 
sources. The true conversion of detected counts to flux varies from source to source and this 
variation would contribute to our uncertainties. The results of our technique to determine 
the number of sources per flux density interval are presented in Figures 10 and 11. The 
effective sky coverage for point sources in this XBootes survey is presented in Figure 12. 



6. Summciry and Conclusions 

We have analyzed the largest contiguous Chandra field with uniform coverage and 
arcsecond resolution. These results and statistics are dominated by sources with fiuxes 
~ 10^^^ cgs. This survey is several orders of magnitude shallower and several orders of 
magnitude wider than the deepest surveys. We have detected 4642 sources with > 2 counts. 
Our 99% rehable source list consists of 3293 point sources in the full (0.5-7 keV) band. The 
resulting source list is ideal for multi- wavelength follow-up observations. 

The differential 0.5-2 keV number of sources per fiux density interval distribution, N{S), 
is best fit by a broken power law. The parameters of this fit are consistent with reported 
ROSAT results that covered approximately the same ~ 10~^^ cgs flux regime. The differential 
2-7 keV N{S) distribution is consistent with a single power law with an index that is steeper 
than Euclidian. 

In addition to point sources we detect forty-three extended sources, consistent with the 
depth of the observations and the number counts of clusters. Hardness ratio distributions 
of the point sources are consistent with Galactic absorption and typical AGN power law 
spectra. Some sources with particularly large HR values are candidate type II QSOs and 
will be investigated further. 
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Fig. 1. — A smoothed (~ 60'.' Gaussian) coadded image of the XBootes survey region. Note 
the six ACIS-I pointings with enhanced background (~ 2x average background levels). The 
detection of point sources is flux-limited and unaffected by the background even in these 
higher background pointings. 




Fig. 2. — The effective area map at l.SlceV for tlie XBootes survey where darker colors indi- 
cate larger effective areas. The prominent features are the 126 ACIS-I fields each comprised 
of 4 ACIS-I CCDs, a white cross pattern of reduced sensitivity in the gaps between the CCD 
chips that are filled by dithering during the observations and black edges where the fields 
overlap. The effective area peaks at the aim point of each ACIS-I field and drops by roughly 
20% near the edge. 
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Fig. 3. — A histogram of the effective area at 1.5 keV. The equivalent of 13 ACIS-I fields 
(11% of the area) lies in overlap regions, while 3-5% lie in low exposure areas. The low 
exposure areas are created by the gaps between the four ACIS-I CCDs and the edge of the 
detectors that are partially filled by dithering during the exposure. 
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Fig. 4. — Fraction of sources that are spurious as a function of source counts. For sources > 
4 counts, the fraction is ~ 1%. Number of spurious sources was determined by the analysis of 
four hundred simulated 5000 second observations generated from archival ACIS-I background 
data. 
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Fig. 5. — Estimates of the point-source completeness and sensitivity of the XBootes survey 
based on Monte Carlo simulations. As part of these simulations we examined different 
wavdetect thresholds with results shown for P = 5 x 10~^ (solid) and P — 10~^ (dashed 
curves) in top panel. Because our observations are flux rather than background limited, 
raising the threshold to 5 x 10~^ adds roughly 800 to the sample while introducing only 
about 30 spurious sources. The simulations assumed a power-law distribution of sources 
with N{S) = A/S'"^ sources per flux density interval (bottom panel). Abscissa represents 
source counts for 5000 second exposure. To calculate flux multiply rate by ECF. 




Fig. 6. — A smoothed (~ 60" Gaussian), processed image showing locations of 43 extended 
sources. The circles marking clusters are ten times the size of the detected source. Point 
sources are not marked. 
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Table 1:: Properties of Extended Sources in the XBootes Survey. 

X-ray source properties for the forty three extended sources de- 
tected in the Bootes 9.3 square degree field. Detection was done 
in the 0.5-2 keV band. Source size is from Gaussian fit to source 
profile. 
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Table 2: Conversion factors from count s-i to cgs units (ergs cm-2 s-i) for power law spectra 
(point sources) and thermal Bremstrahlung (extended sources). The values are obtained 
from PIMMS and are appropriate for the March -April 2003 time period of the observations. 
Changing the power law index from the nominal F = 1.7 has small effect for soft energies 
(~ 4%) and a slightly larger effect for the hard band. 
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Fig. 7. — Likelihood of mean (fi) having detected n = 4 counts. Detecting n counts from 
a source drawn from an underlying power law number of sources per flux density interval, 
N{S) ~ most likely came from a source with true mean counts of fi = n — (3 where (3 is 
the power law index, rather than the purely Poisson result that ii = n. For a 4 count source 
and Euclidian N{S), the most likely value of // = 4 — 2.5 = 1.5. 
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Fig. 8. — The uniformity of the survey can be illustrated by the distribution of the point 
sources in exposure time and Effective Area (EA). The exposure times varies from 4234 
to 5054 seconds although the majority are within ~10% of each other. The variation in 
the Effective Area (EA) for the sources is due primarily to telescope vingetting and detector 
features that are smoothed over by observatory dither. The combination of EA and exposure 
time variation was typically well below 20%. A small fraction of sources detected near edges 
and chip gaps are "under exposed" . 
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Tabic 3:: Properties of Point Sources in the XBootes Survey. The hardness ratio (HR) is 
provided only for sources with n > 10 counts with uncertainties that are 90% confidence 
limits derived using the maximum likelihood method of Harris et al. (1993). The uncer- 
tainty in the source position is estimated from the count rate and the 50% encircled energy 
radius at the source position relative to the pointing center (see text). The complete table 
is presented only in the electronic edition of the Journal. 
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Fig. 9. — Histograms of the hardness ratios for the point sources found in the XBootes survey. 
The concentration of the sources near HR = —0.45 is consistent with a source population 
dominated by AGN with power-law spectra of index F = 1.7 combined with the expected 
Galactic absorption (NH= 1 x 10^°). Event pile-up problems will tend to bias the HRs of 
some of the bright {n > 50) sources upwards. 




Fig. 10. — The number of sources per flux density interval in the 0.5-2.0 keV band. The 
points show the measured counts and the histogram shows the best fit modeL Best fit model 
is calculated using technique described in Kenter & Murray (2003). 
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Fig. 11. — The number of sources per flux density interval in the 2.0-7.0 keV band. The 
points show the measured counts and the histogram shows the best fit model. Best fit model 
is calculated using technique described in Kenter & Murray (2003). 



XBootes Survey Sky Coverage 
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Fig. 12. — Plot of the sky coverage for the XBootes survey. The plot gives the solid angle 
(in square degrees) as a function of the Total band (0.5-7.0 keV) flux in erg cm^^sec^^. The 
nearly uniform exposure times of the 126 ACIS fields, accounts for the rapid rise in coverage 
at the lowest fluxes. The roll over between about 7 and 9 square degrees is due to the effects 
of vignetting and the growth of the Chandra point spread function (PSF) at large off-axis 
angles. 



